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Via generalized interval arithmetic, we propose a Generalized Interval Arithmetic
Center and Range (GIA-CR) model for random intervals, where parameters in the
model satisfy linear inequality constraints. We construct a constrained estimator of
the parameter vector and develop asymptotically uniformly valid tests for linear
equality constraints on the parameters in the model. We conduct a simulation study
to examine the finite sample performance of our estimator and tests. Furthermore,
we propose a coefficient of determination for the GIA-CR model. As a separate
contribution, we establish the asymptotic distribution of the constrained estimator in
Blanco-Fernandez (2015, Multiple Set Arithmetic-Based Linear Regression Models
for Interval-Valued Variables) in which the parameters satisfy an increasing number
of random inequality constraints.

1. INTRODUCTION
1.1. Motivation and Main Contributions

Interval data have become prevalent in empirical research in diverse disciplines.
Examples include: (i) The U.S. Energy Information Administration provides the
state level minimum and maximum retail prices of electricity (Garcia-Ascanio
and Maté (2010)), and the U.S. Department of Agriculture provides daily low
and high prices on agricultural commodities and livestock (Lin and Gonzalez-
Rivera (2016)); (ii) under the Health and Retirement Study (HRS) questionnaire
protocol, arespondent is asked to report her wealth. If she does not comply, then the

We are grateful to Peter C. B. Phillips, Patrik Guggenberger, and two anonymous referees for their insightful
comments on the previous version of this paper. We also thank Aman Ullah, participants of the 8th International
Symposium on Econometric Analysis and Forecasting at Dongbei University of Finance and Economics, statistics
seminar at Northeast Normal University, the 2018 International Symposium of Quantitative Economics at Jilin
University, the 2018 Seattle—Vancouver Econometrics Conference at Simon Fraser University, and seminars at
University of Alberta, Korea University, Seoul National University, UC Irvine, and UC Riverside for helpful
discussions. This work was facilitated by the Hyak supercomputer system at the University of Washington. Address
correspondence to Yangin Fan, Department of Economics, University of Washington, Seattle, Washington 98195,
USA; e-mail: fany88 @uw.edu

© The Author(s), 2021. Published by Cambridge University Press. This is an Open Access article,
distributed under the terms of the Creative Commons Attribution licence (https:/creativecommons.org/ 7

licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in any medium, provided
the original work is properly cited.

https://doi.org/10.1017/50266466621000360 Published online by Cambridge University Press


https://www.doi.org/10.1017/S0266466621000360
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/S0266466621000360

28 YANQIN FAN AND XUETAO SHI

respondent is asked to report if her wealth falls within a sequence of brackets. The
HRS thus yields a wealth interval for each respondent; see Manski and Tamer
(2002) and references therein; (iii) in markets with microstructural frictions, the
researcher observes two prices for an asset at the same time: the bid price at which
an investor could sell and the ask price at which an investor could buy. The price
pair constitutes the bid-ask price interval, which measures the liquidity of the
market and the size of the transaction cost; see Demsetz (1968) and Lee (1993);
and (iv) in epidemiological studies, researchers focus on interval data frequently
(Cowling et al. (2009); Kenah, Lipsitch, and Robins (2008); Vynnycky and Fine
(2000)). During the recent coronavirus disease (COVID-19) outbreak, the study of
key disease transmission parameters has drawn lots of attention by researchers; see
Nishiura, Linton, and Akhmetzhanov (2020), Du et al. (2020), and Ganyani et al.
(2020). Examples of the key parameters include the generation interval defined as
time between infection events in an infector—infectee pair, and the (clinical-onset)
serial interval defined as the time between symptom onsets in an infector—infectee
pair.

Depending on the specific application, interval data may represent precise
observations on random intervals of interest such as the bid-ask price interval
in Example (iii) and the (clinical-onset) serial interval in Example (iv); or they
may represent incomplete observations on random variables which are not always
observed such as in Example (ii). In the former case, interval data are used to
estimate and conduct inference on parameters in models for random intervals or
simply interval models, while in the latter case, models of interest are for random
variables and parameters in such models are typically only partially identified with
interval data. See Aumann (1965), Debreu (1967), Hukuhara (1967), McShane
(1969), and Artstein and Vitale (1975) for some early studies on set valued
stochastic processes and sequences of random sets, and Manski and Tamer (2002),
Beresteanu and Molinari (2008), Beresteanu, Molchanov, and Molinari (2011),
and Bontemps, Magnac, and Maurin (2012) for the research on partially identified
models.

This paper studies construction, estimation, and inference in interval models,
where interval data represent precise observations on random intervals. Existing
interval models for random intervals include model Mg proposed in Blanco-
Fernandez et al. (2015) and the Center and Range (CR) model in Neto and
de Carvalho (2010); see the review of related works below. The CR model
and its constrained estimation have proven to be useful for forecasting random
intervals. However, formal statistical inference procedures and goodness-of-fit
measures for the CR model are lacking in the current literature. All the existing
measures of goodness-of-fit for the CR model are based on ad hoc combinations
of goodness-of-fit measures for the center and range regressions, respectively;
see Neto and de Carvalho (2010) and references therein. In addition, the CR
model only allows the center (range) of the dependent interval to depend on
the centers (ranges) of the covariate intervals. This could be restrictive in some
applications. In contrast to the CR model, model Mg allows the center/range of the
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dependent interval to depend on both centers and ranges of the covariate intervals.
However, the additional random constraints on the parameters in model Mg
substantially complicate the asymptotic distribution of the estimators rendering
inference extremely difficult if not impossible.

The first main contribution of this paper is to construct a new class of interval
models referred to as Generalized Interval Arithmetic Center and Range (GIA-
CR) models by using generalized interval arithmetic. Parameters in GIA-CR
models satisfy linear inequality constraints. An example of such linear inequality
constraints is nonnegative constraints imposed to ensure valid interval forecasts.
It has long been recognized that incorporating inequality constraints in parameter
estimation may yield efficiency gain, see, e.g., Liew (1976), Judge etal. (1984), and
more recent works of Chernozhukov and Hong (2004) and Moon and Schorfheide
(2009). Moreover, as noted in Andrews (2001): “in cases where the restrictions on
the parameter space arise from prior information, tests that utilize this information
have a considerable power advantage over tests that do not.” Compared with the
CR model, the GIA-CR model allows the center/range of the dependent interval
to depend on both centers and ranges of the covariate intervals and as such
significantly broadens the scope of applications of linear interval models.

Second, we propose a constrained estimator of the parameter and a coefficient
of determination for the GIA-CR model. We establish asymptotic distributions
of both the constrained estimator of the GIA-CR model and the constrained
estimator of model M in Blanco-Ferndndez et al. (2015). Although the asymptotic
distribution of the constrained estimator for the GIA-CR model can be derived
from results in Andrews (1999), the approach in Andrews (1999) is not applicable
to the constrained estimator of model Mg because of the increasing number of
random inequality constraints. Instead, we exploit the powerful tools developed
in Knight (2001, 2006) for linear programming estimators and M-estimators of
boundaries, i.e., epi-convergence in distribution and point process convergence for
extreme values, to derive the asymptotic distributions of the constrained estimators
of model Mg and the GIA-CR model.!

Third, we construct asymptotically uniformly valid tests for a class of linear
equality constraints in the GIA-CR model. Specifically, let 6* denote the true
parameter vector satisfying linear inequality constraints of the form: R6* > r for
known matrix R and vector r under the maintained hypothesis. The considered null
hypothesis specifies the value of a subvector of RO*. An important and motivating
example for this inference set-up is that of testing the correct specification of the
CR model against the Interval Arithmetic Center and Range (IA-CR) model in
which the parameters in the range regression satisfy nonnegativity constraints. Due
to the presence of undetermined inequalities in R6* > r under the null hypothesis of
this type, the null asymptotic distribution of the constrained estimator for the GIA-

'We note that Chernozhukov and Hong (2004) employ the same techniques in likelihood-based estimation and
inference for two-sided and one-sided regression models and derives asymptotic properties of likelihood-based
estimators as well as Bayes and Wald inference.
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CR model is discontinuous in some model parameters posing technical challenges
in constructing asymptotically uniformly valid tests. In the case of subvector
inference in other contexts (see the works cited in the literature review below),
a two-step procedure for constructing critical values for asymptotically uniformly
valid inference has been widely adopted. In this procedure, a confidence set for the
nuisance parameter is constructed in the first step and a Bonferroni-type correction
is applied in the second step.” For the GIA-CR model, although the null hypothesis
specifies the value of a subvector of R6*, the remaining components in RO*
could be linearly dependent rendering direct application of the two-step approach
with Bonferroni-type correction for subvector inference inapplicable. To address
this issue, we propose to use Gauss-Jordan elimination to identify the nuisance
parameter defined as an appropriate subvector of the remaining components in
R6*. Given the identified nuisance parameter and the inequalities it satisfies, we
apply the two-step method based on confidence sets for the nuisance parameter
with Bonferroni-type correction to constructing asymptotically uniformly valid
tests for linear hypotheses in the GIA-CR model.

Lastly, to gauge the finite sample performance of the proposed estimator and
test, we conduct a simulation study. The results confirm the superior performance
of the proposed estimator and the asymptotically uniformly valid test for the
correct specification of the CR model against the IA-CR model in finite samples.
Since testing the correct specification of the CR model considered in the simu-
lation belongs to subvector inference, we compare our test with the Conditional
Likelihood Ratio (CLR) test introduced in Ketz (2018). We note, however, that
the CLR test is not (directly) applicable to the more general hypotheses studied in
Section 4 of this paper.

1.2. Related Works

This paper builds on works in two distinct literatures. The first is the literature
on interval models. Broadly speaking, there are two approaches to modeling
interval data. They are the interval arithmetic approach and the bivariate regression
approach. The interval arithmetic approach adopts interval arithmetic to model
directly relations between random intervals. The most general model based on
this approach in the current literature is model Mg proposed in Blanco-Fernandez
etal. (2015). Model Mg makes use of the canonical decomposition of an interval in
terms of its center and range to model the dependent interval directly via covariate
intervals with an interval error term. To ensure that the interval error is well
defined, parameters in model M must satisfy an increasing number of random
inequality constraints which are much stronger than the nonnegativity constraints
necessary to ensure that the predicted interval at any covariate interval is always
well defined. We refer interested readers to Blanco-Fernandez et al. (2015) for

2To simplify the exposition, we refer to a parameter in which the asymptotic distribution of an estimator or the null
asymptotic distribution of a test statistic is discontinuous as the nuisance parameter.
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the constrained estimation of model Mg and a review of the interval arithmetic
approach to modeling interval data.

The bivariate regression approach models jointly either the left and right end
points of the dependent interval or the center and range of the dependent interval.
An important example based on this approach is the CR model in which one
regression relates the center of the dependent interval to the centers of the covariate
intervals, and the other relates the range of the dependent interval to the ranges of
the covariate intervals. To ensure that the predicted range of the dependent interval
at any covariate interval is always nonnegative, parameters in the range regression
are restricted to be nonnegative. Neto and de Carvalho (2010) propose to estimate
the range regression of the CR model by a constrained OLS estimator restricting
the coefficients in the range regression to be nonnegative.> Applications of the
CR model and methods based on modeling the left and right end points of the
dependent interval include Han et al. (2008); Han, Hong, and Wang (2012), and
Gonzalez-Rivera and Lin (2013).

The second is the literature on uniform subvector inference. Methods for
constructing asymptotically uniformly valid subvector inference in the presence
of discontinuity have been proposed in different contexts. They include Bounds
tests, the least favorable approach, and tests based on confidence sets for nuisance
parameters. See Sect. 4.3.2 in Silvapulle and Sen (2005) for a brief discussion
of all three approaches.* Among these proposals, the two-step approach based
on confidence sets for nuisance parameters and a Bonferroni-type correction has
proven to perform well. There are several works that adopt this approach. Berger
and Boos (1994) and Silvapulle (1996) study some specific parametric testing
problems. In a single-equation instrumental variables regression with possibly
“weak” instrumental variables, Staiger and Stock (1997) construct a confidence
region for the parameters based on such a method. Romano and Wolf (2000)
construct a confidence interval for a univariate mean that has finite sample
validity. For moment equality models with overidentifying inequality moment
conditions, Moon and Schorfheide (2009) propose asymptotically uniformly valid
tests and confidence sets for the parameters of interest. Chernozhukov et al. (2013)
construct confidence intervals for marginal effects in nonlinear panel data models.
For testing a finite number of moment inequalities, Romano, Shaikh, and Wolf
(2014) construct asymptotically uniformly valid confidence sets for parameters
characterized by the moment inequalities. Finally, McCloskey (2017) considers
general nonstandard testing problems in which the asymptotic distribution of a
test statistic is discontinuous in a nuisance parameter under the null hypothesis.
We refer interested readers to Romano et al. (2014) and McCloskey (2017) for
other related works using similar two-step approaches.

3Golan and Ullah (2017) propose an information theoretic approach to estimating linear interval models.

4Wolak (1987, 1989, 1991) develop tests for the null hypothesis of inequality constraints based on the least favorable
approach. Silvapulle and Sen (2005) provide a comprehensive and systematic treatment of constrained inference via
the least favorable approach.
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1.3. Organization of the Rest of This Paper and Notation

The rest of this paper is organized as follows. Section 2 introduces the GIA-CR
model and two constrained estimators: one for the GIA-CR model and one for
model Mg. It also constructs a goodness-of-fit measure for the GIA-CR model.
Section 3 establishes an asymptotic theory for the constrained estimators for
the GIA-CR model and model M. In Section 4, we first provide a detailed
construction and technical treatment of asymptotically uniformly valid tests for
the correct specification of the CR model against the IA-CR model. The theoretical
analysis in this part builds on Romano et al. (2014) and McCloskey (2017). Then
we construct asymptotically uniformly valid tests in the GIA-CR model. Section
5 reports results from a simulation study. The last section offers some concluding
remarks. Technical proofs are collected in Appendix A. Appendix B contains a
review of generalized interval arithmetic and random generalized intervals.

All limits are taken as n — oo. Let [v| = (1], ..., |v,|)’ for any p-dimensional
vector v = (vl,...,vp)/; v > u means thatv; > u; forj=1,...,p; and ||v|| denotes
the euclidean norm of v. I, denotes the identity matrix of dimension p. The notation
a~ b means that a/b — 1 as appropriate limits are taken. Let 1 (-) be the indicator
function. The remaining notations concern operations on generalized intervals
and generalized random intervals; see Appendix B for details. For a generalized
interval A = [a;,a,], where ay,a, are real numbers, let midA = (a; +ay) /2 and
SprA = (a; —ajp) /2. A can also be expressed as A = [midA:I:sprA]. For two
generalized intervals A and B, the addition is defined as

A+ B = [(midA + midB) + (sprA + sprB) | .

A generalized interval A = [a;,a,] is a proper or simply an interval when a; < a;
otherwise it is an improper interval. For two intervals A and B with sprA > sprB,
the Hukuhara difference is an interval defined as

A —p B = [(midA — midB) + (sprA — sprB)] .

For two generalized intervals A and B, A —gy B is a generalized interval denoting
the Generalized Hukuhara difference between A and B:

A—guB= [(midA — midB) &£ (sprA — sprB)] .

In contrast to the Hukuhara difference, the Generalized Hukuhara difference
always exists. Let d (A, B) denote the L,-type metric between intervals A and B
defined as

1
d(A,B) = ((midA —midB)? + (sprA — sprB)z) .

More discussion on the L,-type metric between two intervals can be found in
Appendix B.2. Let E(-) denote the expectation on a random variable. For a
generalized random interval X, define the Aumann expectation as

Ex (X) = [E (midX) £ E (sprX)],
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whenever E (midX) and E (sprX) exist. Define the Fréchet variance of a general-
ized random interval as

Varp (X) = E(d* (X,E4 (X))
and the conditional expectation as

Ea(X|)=[E@midX | ) £E(sprX | -)].

2. THE MODEL, ESTIMATION, AND COEFFICIENT OF
DETERMINATION

LetY,Xi,..., Xy denote (k+ 1) random intervals, where Y is the dependent interval
and Xi,...,X; are covariate intervals. We call random interval X a degenerate
random interval if Pr(sprX =0) = 1. We allow some of the covariate intervals
X1, ..., X be degenerate intervals, and let d > 0 denote the number of degenerate
covariate intervals. Without loss of generality, let the last d covariates be degen-
erate. Further let {Y;,Xy;,...,Xj;}/_, denote a random sample on (¥, X, ..., Xj).
Define a (2k —d) dimensional random vector as X; = (ming, ser;)/, where
midX; = (midXy;, ..., midX},)" and sprX; = (serli, .. .,ser(k_d)i)/. We note that
sprX; only contains the ranges of (k — d) nondegenerate covariate intervals.

2.1. Model Mg and the GIA-CR Model

To motivate the generalized interval arithmetic representation of our model, we
first introduce model M proposed in Blanco-Ferndndez et al. (2015). It takes the
following form:

Yi = [Xjo" £|Xi| B*]+ A, @
where a* € R%*~? and g* € RZZ"O_ < are the coefficient vectors and A; is the random
interval error defined as

A=Y —y [ Xt £ X B

satisfying E4 (A; | X;) = [y* £ 6*]. Define the parameter vector of interest as

0" = (a*,y*,B",8") e R¥ for I =2k—d+1,

where 6* is identified in model M under the rank conditions in Assumption 3.2(i)
in Section 3. Notice that model M does not include an intercept term as in the
linear regression model. Conditioning on X;, the expectations of the midpoint and
spread of A; are y* and 6*, which are both independent of X;. To ensure that A; is
an interval, B* in model Mg must satisfy the additional random constraints that

sprY¥; — |X;|'B* >0, fori=1,...,n.

Blanco-Fernandez et al. (2015) propose an inequality constrained estimator of
(,B 8 *) without establishing its asymptotic distribution. The difficulty lies in the
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presence of an increasing number of random inequality constraints. By exploiting
tools used in Knight (2001, 2006) for linear programming estimators and M-
estimators of boundaries, we derive the asymptotic distribution of the constrained
estimator of model Mg in Section 3. However, its complex nature makes inference
based on it extremely difficult if not impossible.

To facilitate inference and broaden the scope of applications of interval models,
we propose the GIA-CR model below. It generalizes model Mg by dispensing
the random inequality constraints and by allowing for general linear inequality
constraints rather than * > 0 in model Mg. We make use of the generalized
interval arithmetic and the concept of Generalized Hukuhara difference introduced
in Section 1 and discussed in Appendix B.’

Specifically, the GIA-CR model is composed of two parts: (i) the model in
(1), where the random generalized interval error A; is defined in terms of the
Generalized Hukuhara difference:

A=Y —cn [Xja* £ X' B*]

satisfying

Ea(Ai | X)) = [y £8]; (2)
and (ii) the parameter space ® for 6* defined as

©={0eR":R0 >r}, A3)

where R is a known matrix of dimension [ x 2/ and r is a known vector of
dimension /. The matrix R can be row rank deficient to incorporate constraints like
0 < 6 < 1. Note that unlike model Mg, both [Xja* £|X;|' 8*] and A; in the GIA-
CR model can be generalized intervals although our observations Y;, Xy, ..., Xy
are all intervals.®

Remark 2.1. In the GIA-CR model, we can replace X; and |X;| with any known
transformations of X;. But for model Mg and the important IA-CR model to be
introduced in Example 2.1 below, it is convenient to use |X;| for the purpose of
forecasting. To avoid introducing too many notations, we use X; and |X;| in the
GIA-CR model as well.

The GIA-CR model has an alternative bivariate regression representation:

midY; = X" + midA; = midXje), + sprX o} + midA; and 4

sprY; = |X;|' B* +sprA; = [midX;|' B, + sprX;f; +sprA;, 3

5Tn Han et al. (2008; 2012), generalized interval arithmetic is used to construct linear time series models for
generalized random intervals, i.e., the observations are generalized intervals and no constraints are imposed on
model parameters. Instead, this paper focuses on the case that the observations are intervals and generalized interval
arithmetic is used to handle general linear inequality constraints.

6In fact, all the results in this paper remain valid when the observations are generalized intervals and the same
inequality constraints are imposed on the model.
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/
* __ w %\ e * * * )/ * __ * * .
where o* = (o, e}') with o, = (e, |, .... 0 ) and «f = (“5,11-"’0%,(1{7(1)) ;
/

B* = (B.¥) with B = (B%.....BL,) and B = ( ;fl,...,ﬂ;(kfd)) . The
center and range of A; satisfy that E (midA; | X;) = y* and E (sprA; | X;) = 6*.

Example 2.1 below presents the IA-CR model which is a special case of the
GIA-CR model.

Example 2.1 (The IA-CR model). Let R = (0;5;,1;) and r = 0;5;. Then the
parameter space ® becomes

Or={0eR”:B>0and 5 >0}.

Model (1) with parameter space ®p is referred to as the IA-CR model. To ensure
that the predicted dependent interval at any covariate interval is an interval, the
regressor in the second term on the right hand side of (1) is | X;| and all elements in
B* and 8* are required to be nonnegative. When there is no degenerate covariate,
® = Of, and o] = B, =0, (4) and (5) reduce to the CR model in Neto and de
Carvalho (2010). More general than the CR model, the IA-CR model allows both
the center and range of each covariate interval to affect the center and range of the

dependent interval Y;.

2.2. Constrained Estimation and the Coefficient of Determination

The constrained estimator of the parameters in model Mg in Blanco-Fernandez,
Corral, and Gonzdlez-Rodriguez (2011) is defined by minimizing the sum of the
squared d-distances between ¥; and ([Xja £ |X;|" B] + [y +6]) via the following
constrained minimization problem:

0= argngn;dZ(Yi, [Xje = 1X;| B] + [y £61) 6)

n

= argmein |:Z (midY,- —Xjo — y)2 + Z (seri —1X;I'B — 8)2:|

i=1 i=1

s.t.spr¥;—|X;|'B >0, fori=1,...,n, and 8 > 0.

Similarly, in the GIA-CR model, we construct the constrained estimator
of 6* by minimizing the sum of the squared d-distances between Y; and
([Xje £ 1X;| B] + [y £81) in the parameter space O:

o : 2 (v / Xl
0= argggglgl:d (Y [Xjoe £ |X:|' B] + [y £61) )

= argrdpeiél |:Z (miin —Xoa— )/)2 + Z (Seri — X' B - 8)2j| )

i=1 i=1
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The estimators 6 and @ are solutions to quadratic minimization problems with
linear inequality constraints and can be computed via built-in algorithms such as
quadprog and Isqlin in Matlab.

With the obtained estimators, the interval residual K,» for model Mg is
computed as

A=Y, —y [X@£1Xi|'B];
and the generalized interval residual A, for the GIA-CR model is defined as
Ai=Yi—n [X@+1X|'B]. ®)

For any i, Z,- is an interval because of the constraints that sprY; — |X;|'8 > 0 for
i=1,...,n; whereas A; is a generalized interval.

Remark 2.2. In model Mg;, the constraints are only imposed on B. Therefore,
the minimization problem in (6) can be solved separately for the mid and range
regressions. In fact, @ and 7 are OLS estimators of the slope coefficient and
intercept term in the linear regression of midY; on X; and hence have closed-form

o~ A
expressions. In contrast, (ﬂ ,8) solves the following constrained optimization
problem and does not have closed-form expressions in general:

A . - 2
,5) - Yi— X' B—8
(ﬂ argmin .E_l (sprY; — 1Xi|' B — )
s.t.sprY; —|X;|’8 >0, fori=1,...,n, and 8 > 0.

On the contrary, because the restrictions in the parameter space © for the GIA-
CR model are imposed on 6, the minimization problem in (7) cannot be solved
separately for the mid and range regressions.

Example 2.1 (continued). Similar to model Mg, in the IA-CR model, the
constraints are 1mposed on /3 and §. Therefore, the minimization problem can
be done separately: & and y are OLS estimators; }3 and 3§ solve the following
constrained optimization problem:

e . / 2
(ﬂ ,8) = al‘gl‘g,l;l; (spr¥i— X' B—6)
st.f>0andé > 0.
The nonnegative constraints imposed in ® ensure valid forecasts. (2) implies that
Ex (Yi | X)) = [Xja* £1Xi| 8]+ [y" £67].

Using the constrained estimator, the predictor of Y, at covariate interval xg is
given by

Yo = [x(@ & xol B] +[7 +3].
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As pointed out in Neto and de Carvalho (2010), the conceptual difficulty in
constructing measures of goodness-of-fit for the CR model is due to the presence
of two multiple linear regressions. As a result, some ad hoc combinations of the
coefficients of determination for the center and range regressions are adopted. For
example, Neto and de Carvalho (2010) propose the following three goodness-of-fit
measures for the CR model:

2
min (RZ, R}), % and max (R2,R}),

where R2 and R? are the coefficients of determination for the center and range
regressions, respectively.

Based on the d-metric and the fact that E4 (A;]1X;) = [y* £ 6*], we now extend
the coefficient of determination for linear regressions for random variables to
the GIA-CR model for random intervals avoiding the ad hoc nature of existing

goodness-of-fit measures for the CR model. Define the residual sum of squares
for the GIA-CR model as

RSSg—Zd s [7£3]) Zdz Y, Y),

where )7 :i:g] is the estimated mean of A;, A,- is defined in (8), and
Y =[X@+ X, B]+[7£3].

Together with the analogous definition of the total sum of squares as TSSg =
Y d*(Y,Y), where Y =n~' 3", Y;, we define the coefficient of determination
for the GIA-CR model as

RSSg _ | _ L@ (A, [7£3))
7556 Xin & (YY)

RL=1-— ©)
In the special case when Y is degenerate, i.e., a random variable, Ré reduces to
the coefficient of determination for multiple regressions.

The coefficient of determination Ré inherits all the properties of that for
multiple regression which are summarized in the following proposition. The value
of RZ ranges from 0 to 1. Further, RZ, = 0 indicates no linear relationship between
the dependent interval and covariates; RZ = 1 indicates that the fitted model
explains all variation of the dependent interval; and the value Ré is nondecreasing
with inclusion of more covariates.

PROPOSITION 2.1. (i) 0 < RZG <1 and (ii) ’RzG is nondeceasing in the number
of covariates.

3. ASYMPTOTIC PROPERTIES OF THE CONSTRAINED ESTIMATORS

The estimators & and 6 defined in (7) and (6) for the GIA-CR model and model
M ¢ are both inequality constrained estimators and their asymptotic properties are
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more difficult to establish than unconstrained estimators. This is particularly true
for (F;S\> due to the increasing number of random inequality constraints that it
must satisfy, i.e., spr¥; — |X;|'8 > 0, fori =1, ..., n. For a special case of model Mg
referred to as model M with one covariate, (ﬁ,,g) has a closed-form expression
and its asymptotic properties are established in Blanco-Fernandez, Colubi, and
Gonzélez-Rodriguez (2012). However, for general model M g, there is no closed-
form expression for (F,E), and the approach in Blanco-Ferndndez et al. (2012)
breaks down.

Asymptotic properties of 6 can be established by applying the general results
in Andrews (1999). To handle the increasing number of inequality constraints
imposed on 0, we exploit the powerful techniques used in Knight (2001, 2006)
for linear programming estimators and M-estimators of boundaries, i.e., epi-
convergence in distribution (Geyer (1994, 1996); Knight (1999); Pflug (1994,
1995)) and point process convergence for extreme values (Kallenberg (1983);
Leadbetter, Lindgren, and Rootzén (1987); Resnick (1987)). Since the same
techniques apply to 6 as well, we establish asymptotic properties of both 0 and
o, including consistency and asymptotic distributions in this section.

Throughout the rest of this paper, we make the following
assumption.’

Assumption 3.1. {¥;,Xy;,..., X}, denotes a random sample on
(Y5X17"'7Xk)‘

3.1. Consistency

Recall that 0 = (o', y, ﬁ/,é)/. Define Z;, (+) as

n n

1, 1 /
Z1,(6) = = 3 (mid¥, = Xj —y)" + = 3 (spr¥i = 1Xil' B—5)" + 1, 6).

i=1 i=1
where
0, ifsprY;—|X;|'B>0,fori=1,...,n; and 8 >0

0) =
¢ (9) 00, otherwise

Using Zj, (-), we can reformulate the constrained estimator of model Mg as an
unconstrained estimator: § = argming g2 Zi, (9) . Similarly, let

n n

1 1
23, (0) =~ ) (mid¥, —Xjw —y) + = 3 (spr¥i— 1Xif B—5) 42 6).

i=1 i=1

TThe asymptotic results we establish for the GIA-CR model for i.i.d. data have straightforward extensions to strictly
stationary short-memory time series such as various mixing processes. Due to space limitations, we will report details
in future work.
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where

0, ifRO>r

0o, otherwise

<P2(9)={

We gbtain the alternative formulatipn for the estimator of the‘GIA-CR model
as: 6 = argming.pyZp, (0). Let X; = (X;,l)/, P, = E(X,-Xi), and O, =
E <|X i| |X ; |/) We prove the consistency result using the notion of epi-convergence

under the following assumption. The definition of Varg(-) can be found in
Section 1.

Assumption 3.2. (i) P,, and Q,, are nonsingular; (ii) Varr (A;) < oo.

Assumption 3.2 imposes standard regularity conditions on the random intervals
in the model. Assumption 3.2 (i) is a rank condition ensuring that the true parameter
6* is point identified. The following theorem states the consistency of 6 and 6 for
the GIA-CR model and Model Mg.

THEOREM 3.1. Under Assumptions 3.1 and 3.2, 05 0% and 9 5 o,

3.2. Asymptotic Distribution

The asymptotic distribution of 6 in model Mg remains unknown and is more
involved than that of 8. We present it first.

3.2.1. Model Mg. The constraints: spr¥; — |X;|'8 > 0, for i = 1,...,n, are
equivalent to the constraint that

'r?in [seri — |X,~|’}3] > 0. (10)

i=1,...,

,,,,,

tion of sprA; near the endpoint of its support, the behavior of the conditional
distribution function of sprA; near zero is the critical component determining the
asymptotic distribution of the estimator 0.

The following assumption imposes restrictions on the conditional distribution
of sprA; commonly adopted in the extreme value literature. Let the conditional
distribution function of sprA; given |X;| =x be F (- | x).

Assumption 3.3. Assume that
Fy(z]x) ~ g(x) Fy(z) as z \, 0 uniformly in x,
where g (-) > 0 is a continuous function and Fj (-) is a distribution function.

Assumption 3.3 requires that for any x; and x,, the tail behaviors of sprA;
conditional on |X;| = x| or |X;| = x; are equivalent up to a constant. If |X;| and
sprA; are independent, this assumption is trivially satisfied with g (-) = 1. Knight
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(2001), Chernozhukov (2005), and Chernozhukov and Fernandez-Val (2011) also
impose similar assumptions. However, they require F(-) to have Pareto-type tail
distribution due to their specific settings, while we impose no such restriction. Let
1/k =lim,_. o tF, (1/+/1) € [0, + 00]. The value of k characterizes the distribution
of sprA; near its left endpoint and determines the effect of the random constraints
on the asymptotic distribution of 0: () If sprA; has a relatively high probability
of being close to zero, e.g., when Fy (0) > 0, then lim,_, o tF (l/ﬁ) = +o00 and
k = 0; (ii) If sprA; is very “unlikely” of being near zero, e.g., when F (z) = 0 for
all zin a neighborhood of zero, then lim;_,  tF (l/ﬁ) =0 and x = —4o00; and (iii)
when F; (z) behaves like / (z) z* near zero, where h(z) is a slowly varying function
at zero,® then k € (0, 4+ 00).

Assumption 3.4. E (jmidA;|*) < oo, E (IsprA;|*) < 0o, and E (| X;*) < oco.

Denote

M(n/x)sw’(’)(;" Ql)w—zw’(f,’ 2)W a1

where ¢ € R¥ and W ~ A/ (0, A) in which A (0, A) denotes the normal distribution
with mean zero and covariance matrix A = Var (X;midA,-, |X ,»|/sprA,-). Further-

more, let ¥ = (p, q,u/, v)/ withp e R* 4 geR,u e R* ¢ andv e R.
THEOREM 3.2. Under Assumptions 3.1-3.4, we obtain:

Vi (0—67) = argmin[M () + 1 ().

where M () is defined in (11) and

0, if ﬁ]}z'fi’u,foriz 1,2,...;
& (Y) = andl(ﬂf:O)uJ-zOforj:1,...,2k—d~

00, otherwise

Foreachi, I'= (& +---+ Ei)% for unit mean i.i.d. exponential random variables

£1,&,...; M, 1>, ... are independent and identically distributed with the same
distribution as |X;|; the I';’s are independent of 1;’s, and they are both independent
of W.

Several observations surface from Theorem 3.2. First, the estimators of the
center and range regressions (&’, ?) and (ﬂ/,g) are asymptotically dependent

through the covariance matrix A, unless midA; and sprA; are conditionally
independent. Second, the asymptotic distribution of /n (&' — &,y — y*) is nor-

8A function h (2) : (0, +00) —> (0, +00) is said to be slowly varying at zo if for any m > 0, it holds that
limy g, [7(2) /h(mz)] = 1.
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mal. Lastly, because of the inequality constraints, the asymptotic distribution
of /n (ﬁ, - B 85— 8*) takes a complicated form given by the distribution of

the minimizer of an inequality-constrained optimization problem. Although in
general, there is no closed-form expression for the asymptotic distribution of

(ﬁ’,g), it is clear from the minimization problem that it is nonstandard and

discontinuous in model parameters including parameters characterizing the tail
behavior of the conditional distribution of sprA; through ¢; (-). For example, the
value of k determines whether the constraint in (10) binds or not leading to different

asymptotic distributions of (ﬁ/,g).

3.2.2. The GIA-CR Model. Employing the same techniques, we obtain the
following asymptotic distribution for the estimator 6. Denote R, as the [, x 2/

submatrix composed of the [, rows of R corresponding to binding inequalities in
RO* >r.

THEOREM 3.3. Under Assumptions 3.1, 3.2, and 3.4, it holds that
~ .\ d .
V(6 =67) — argmin[M (V) +¢2 ()],
where M () is defined in (11) and 4

b= TR0
00, otherwise

Alternatively one may apply the approach in Andrews (1999) to obtain the
asymptotic distribution of 6. Instead of studying the unconstrained minimization
problem, Andrews (1999) focuses on the constrained minimization problem and
shows that the asymptotic distribution of the estimator can be represented as the
minimizer of a quadratic function over a convex cone.

Theorem 3.3 shows that the asymptotic distribution of g is discontinuous in RO*
at r; see also Example 2.1 below. The asymptotic distribution of the Wald-type
statistic in general exhibits discontinuity as well. This motivates the construction
of the asymptotically uniformly valid test in the GIA-CR Model in Section 4.

Example 2.1 (continued). The asymptotic distribution of the estimators for
the IA-CR model can be obtained directly from Theorem 3.3. The matrix R,
corresponds to elements in (ﬂ*/,(S*) that are zeros. Specifically, if Assumptions
3.1, 3.2, and 3.4 hold, then

*

«/ﬁ< . ) 4 P W,

R

—o
-V
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where W,, ~ N (0, A,,) with A,, being the covariance matrix of X;midAi; and
E - ﬂ* d . / u / /
ﬁ( T st —>arg1¥41’1vn (u,v)Qxx ’ —2(u,v)Wy+¢s(u,v) ,

where W, ~ N (0, A) with A being the covariance matrix of |X i|/ sprA;, and

o) - |

0, if1(8=0)u;=0forj=1,...,2k—dand I (8* =0)v>0
0o, otherwise ’

The two convergences in distribution hold jointly. Like /n (ﬁ/ — B, 5— 6*), the

asymptotic distribution of \/n (,E/ — ,B*’,;SV— 8*) is discontinuous in some model
parameters.

For the CR model with only one covariate, we can solve the minimization
problem in Example 2.1 by following Andrews (1999). The CR model with one
covariate can be expressed as follows:

midY; = o) midX; + y* + €/ and
sprY¥; = BysprX; +68* + €/,
where E (¢ | X;) =0,E(e/ | X;) =0, e, € R, y* € R, B7 > 0,and §* > 0. Let K =
diag'* (0y)). Z=(Z1,2,) =K' Q! W,, and p;; = [K~! Q;le"]ij fori,j=1,2,
where diag (A) returns a diagonal matrix whose elements are equal to the diagonal
elements of matrix A. Suppose Assumptions 3.1, 3.2, and 3.4 hold.
(i) When 8} > 0 and §* > 0,
S K d - —1).
f( B— B ) LN (0.051A.03):
(ii) When B} =0 and §* > 0,

ﬂs /3 d -1 0 .
f( e )—>IL(leO)QMvvx+IL(ZI<0)K<Zz_puz1 )

(iii) When B} > 0 and 6* =0,
f( B b )—d>]1(ZzEO)Qu1WS+ll(Zz<0)K< Az );
(iv) When g} =0 and §* =0,
B.—B;
A5

1@ > 02> 00 W +1(Zi - puZe > 0.2, 50)1(( %= puls )

0
+1(Z, <0,Z, — p12Z; > 0K .
(Z1 20,2, - p1nz, > 0) (Zz—,olzz1 >
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The asymptotic distribution of (E,S) takes a complicated form and is discon-
tinuous in B and §*: it is normal when B} and §* are both positive; nonnormal
otherwise.

4. WALD-TYPE TESTS FOR LINEAR HYPOTHESIS
IN THE GIA-CR MODEL

In this section, we construct asymptotically uniformly valid tests for the linear
hypothesis in the GIA-CR model of the following form:

Hy : Ry0™ = ry against H : Ry0™ # rg (12)

under the maintained hypothesis that 6* € ® = {0 : R6 > r}, where Ry and ry
are known matrices of dimensions J x 2/ and J x 1, respectively. Furthermore,
Ry = (R()O,an)/ is of full row rank, and Ry is a submatrix of R. Without loss of
generality, let R = (RE)O,R})/ and accordingly r = (r/_r, r})/.

One motivating example for our testing framework is that of testing the correct
specification of the CR model against the IA-CR model:
HS®: (o, BY) = 0 against H® : (', BY) #0,

s Fm s

under the maintained hypothesis that 6* € ®r = {0 : § > 0 and § > 0}. Compo-
nents of o) and B;; measure, respectively, the marginal effects of sprX; on midY;
and |midX;| on sprY; in the IA-CR model. Specification testing for the CR model
against the IA-CR model is thus equivalent to testing the joint null hypothesis
that sprX; has no effect on midY; and |midX;| has no effect on sprY;. Individual
marginal effects can also be tested using the test proposed in this paper. Testing
HS® belongs to the standard subvector inference with ( ;",8*)/ being the vector
of nuisance parameters. For such a subvector hypothesis, the approach in Ketz
(2018) can be applied to construct a CLR test statistic such that asymptotically the
conditional null distribution of the test statistic given some sufficient statistic is
nuisance parameter free.

As another example, consider testing equality constraints on parameters in the
range regression of the GIA-CR model. Let R = (OZRX,, R*) and Ry = (OJX[,RS)
for some known matrices R* and Rjj. Our tests become tests for linear equality
constraints in linear regression models with linear inequality constraints. They
extend the Wald-type test in Gourieroux, Holly, and Monfort (1982) for the
special case that R = R* and the test in Silvapulle and Sen (2005) for the case
that R* is a submatrix of Rj.” In both cases considered in Gourieroux et al.
(1982) and Silvapulle and Sen (2005), the inequalities in the parameter space
are known to bind under Hy and as a result, the asymptotic distribution of the
inequality constrained estimator of 8* or the test statistic under the null hypothesis
is continuous in model parameters and is thus nuisance parameter free. When Ry
is a proper submatrix of R, the asymptotic distribution of inequality constrained

9Rogers (1986) studies a modified Lagrange Multiplier test for the case that Ry = R*.
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estimators or the null asymptotic distribution of the test statistic is typically
discontinuous in nuisance parameters. Asymptotically uniformly valid tests for
Hj are not available in the current literature.

In the following subsections, we first introduce our test statistic and the asymp-
totic size of the test. Then we apply the two-stage approach with Bonferroni-type
correction in McCloskey (2017) to construct asymptotically uniformly valid tests
for HS® against H{®. Lastly, we construct tests for Hy in the GIA-CR model.

4.1. The Test Statistic and Asymptotic Size

The test statistic we adopt is of Wald-type:
~ —1 ~
T, (Ro,70) = n(Rof — o) (RoZ,Ry) ™ (Rof — 1), (13)

for some positive definite weighting matrix X, —, X with X being a deterministic
positive definite matrix. ¥, can be chosen as the identity matrix or a consistent
estimator of

Pl o0 Pl o0
(0 Qm1>A< 0 QXJ)'

When Ry is a proper submatrix of R, the null asymptotic distribution of Rof or
T, (Ro, ro) is discontinuous in Rp-6*.

We now introduce the test for Hy based on T, (Ro,7r9) and its asymptotic
size. The GIA-CR model can be fully characterized by the finite dimensional
parameter 6* € ® and the infinite dimensional parameter ©* € M that characterizes
the distribution of {(Y;,X;) : 1 <i <n} and is consistent with the value 6*. The
space M can be restricted to be some compact metric space with a metric that
induces weak convergence; see Andrews, Cheng, and Guggenberger (2020). Let
w = (0%, u*) € W. Denote P, as the probability model indexed by w, E,, as the
expectation, Var,, as the variance, and Pr,, as the probability computed with respect
to P,. Let W, be the collection of elements w € ¥V consistent with the null
hypothesis and CV,, be a (possibly) sample dependent critical value (CV) for the
test based on the test statistic T}, (Ry, r9). The asymptotic size of the resulting test
is defined by

AsySz (T, (Ry, o), CV,) =limsup sup Pr, (T, (Ro,7r9) > CV,,). a4)
n—>00 weW

We aim to construct CV,, that controls the asymptotic size of the test based on

T, (Ro, o).

Following Andrews and Cheng (2012, 2014), Cheng (2015), and Andrews et al.
(2020), we will establish the asymptotic distribution of 7, under drifting parameter
sequences w, € Wy — w € W, where Wy is the closure of W,. For brevity,
throughout the rest of the paper the terminology “w, € W,” refers to “drifting
parameter sequence w, € YW, with limit w € Wo”. Let Amin (A) denote the smallest
eigenvalue of a matrix A. We make the following assumptions.
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Assumption 4.1. For any w € W), (1) Amin (Ew (XIX;)> > )\ for some A; >
0 and i (. (X [X:]')) = 22 for some 22 > 0; (ii) B, (jmida**”) < M,
E, (IsprAi]*t") < M and E,, (I X;]|*"") < M for some v > 0 and M < cc.

Assumption 4.2. For any w, € W), X, L ¥, where X, is positive definite.

We finish this section by introducing notations that will be used in the subse-
quent analysis. Let P,, . = E, (X,X;), Qv =E, (|X,| |X[|/), and

o =v (T 0 Yoeaw (4] e 1s)

where ¢ = (p/,q,u’, v) with p e R* % g e R, u e R*4 yeR, and W, ~
N(0, A,,) in which A, = Var,, (X;midA,-, Xi|’sprAi).

4.2. Testing Correct Specification of the CR Model Against
the IA-CR Model

To simplify notation, we denote the test statistic T}, (Ro, 7o) in (13) for testing HOCR
as T):

~ 1y
T, =n(a,B,) (RoZ,R)) ™ (@ 8,) (16)
where o and Em are the estimators defined in (7) and

Ry = Ov—ayxk  Ta-ay  Ou—ayxi  Ok—ayxk  O—adyxk—ay  Ok—ayx1
Okt Okxi—ay  Okxi I Ok x (k—a) 0rx1 '

s Mg

The asymptotic distribution of T, is discontinuous in ( B 6*)/, because the

*/ */

asymptotic distribution of /n (5 - 9*) is discontinuous in ( B ,8*)/ by apply-
ing Theorem 3.3. For any w € W), it holds that (a;",ﬂj;l’)/ = 0. Therefore,
(BB 8*)/ = (0,87, 8*)/ under the null hypothesis.

by

We decompose the model parameter w € W, into three groups: (1, 7,&) based
on their roles in the asymptotic distribution, where n = ( e 8*)/ € IR{’;)‘HI ,
7 = (vec (Py),vec(Qx),vec (A),vec (X)) €T, and &€ € E consists of all other
parameters and is infinite-dimensional. The space E is consistent with the null
hypothesis Hy. From the previous discussion, the null asymptotic distribution of 7},
is discontinuous in 1; 7 affects the limiting distribution of 7}, but not its continuity;
& does not affect the limiting distribution of 7,.

We consider the parameter sequence {(nn,nn,én) S R’;Bd“ xI[Ix 8:n> 1}
and the localization parameter ¢ and 7, as the limit of «/nn, and 7,:

—k—d+1
!
Vi, = c=(cr ... C—a-ck—ar) €Ry  and

Ty —> My = (Vec (Pw,xx),vec (Qw,xx),vec (Ay),vec (Ew))/ ell,
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where R = R.o U {+00}. As shown in the lemma below, the asymptotic
distribution of 7, under the null hypothesis and the drifting parameter sequence
(M 70y €,) depends on ¢ and r,,; whereas &, (or the limiting value &, of &,) does
not affect the limiting distribution under any parameter sequence 1, and 7,,.

Let

V=V (cm,) = argrr}pin (Mo, (V) + b (Y)],
where M, () is defined in (15) and

0, ifu; >0forj=1,... .k ujry+c;>0forj=1,...,k—d
o (Y) = andv+cggy1 20
00, otherwise

Then RyW characterizes the limiting distribution of /n (&;, B’,’n), under HOCR and
the drifting parameter sequence (1, 7y, &,).

LEMMA 4.1. Under HgR and the parameter sequence (0,, 7y, &,) € szf)d*l X
I1 x E such that \/nn, — ¢, 7, — 7w, and &, — &, if Assumptions 3.1, 4.1, and 4.2

hold, then the asymptotic distribution of T, is given by (RyW)' (Ro ZwR6)71 (RoW).

As shown in Lemma 4. 1, the null asymptotic distribution of 7;, under the drifting
sequences of distributions depends on the value of (¢, 7,,). Let C. , (1 — ) denote
the (1 — ) quantile of the distribution of (RoW)’ (Ro EQ,R/O)71 (RoW) given ¢ and
1, which can be simulated. Building on existing work, especially McCloskey
(2017), we adopt the two-stage approach with Bonferroni-type correction to
construct an asymptotically uniformly valid test for H§®.

The detailed process consists of the following steps.

Step 1. (i) Construct the estimator 7. Consistent estimator 77 can be decomposed
into two parts: (Vec (Pw,xx) ,vec (Qw,xx)) is estimable from the sample {X;}'_;; A,
and X, can be estimated by using the residuals computed with 6; (i1) Construct
confidence sets for /nn,. Let /’32 oLs and S\OLS be the OLS estimators of 8} and 6*.
Simple calculation shows that

~ d
Vn (Bz OLS> 50LS)/ =, — Z(Aors),

where Z (Aors) follows a multivariate normal distribution with zero mean and
covariance matrix Aors. Denote ES, (7) as a set such that Pr(Z (A) € ES, (7)) =
1 — 7. The confidence set I; for 4/nn, is defined as

I.[ = {5‘ (S R];?)[H_I g€ “/E(B:,OLS’/S\OLS)/ _ESKOLS (‘L’)} .
The value KOLS can be computed using the standard approach in least squares

estimation and is a consistent estimator for A¢,g. In cases where I, is empty, let
I = {0}.
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Step 2. We construct the ¥ level Bonferroni critical value CV? for some 0 <
T <1¥as

CVP(®,7)= sup Coz(l—1). a7

cely_¢

The following proposition establishes the asymptotic validity of the test.

PROPOSITION 4.1. Under Assumptions 3.1, 4.1, and 4.2, AsySz(T,,
CVf(ﬁ,t)) <7.

Remark 4.1. Adjusted Bonferroni critical value and Minimum Bonferroni
critical value discussed in McCloskey (2017) are also applicable. The former
considers the joint distribution of 7}, and (B:/ OLS’?S\OLS)’ and computes the optimal
pair of significant levels for ¢ and 7,,; while the latter combines Bonferroni critical
value and Adjusted Bonferroni critical value. The computational burden for the two
critical values is significant when the dimension of B is large. Interested readers
could refer to McCloskey (2017) for detailed implementation of such methods.

4.3. Testing H, in the GIA-CR Model

In this subsection, we extend the test for the correct specification of the CR model
against the IA-CR model developed in the previous subsection to the problem
of testing Hy in (12). Since Ryyf™ is a subvector of RA*, the null asymptotic
distribution of the test statistic defined in (13) is discontinuous in Rr6*, where 6*
satisfies the inequalities: R-6* > rr. In contrast to the standard subvector inference
such as that considered in the previous subsection, components of Rr6* could be
linearly dependent rendering direct application of the first stage of the two-stage
approach with Bonferroni-type correction in the previous subsection problematic.
To address this potential issue, we suggest a three-stage approach for constructing
asymptotically uniformly valid tests for Hy.

In the first stage, we identify binding and nonbinding inequalities in Ryy0* >
r_r; and employ the Gauss-Jordan elimination to identify a row basis of R based
on which we define nuisance parameters and express the inequalities Rp6* > rp
in terms of the nuisance parameters. In the second stage, we construct confidence
sets for the nuisance parameters. Lastly we construct the CV for our test using
Bonferroni-type correction.

4.3.1. Identification of Nuisance Parameters. Under Hj, the inequalities in
Roo6* > r_r are known to bind or not to bind. Let Ry, denote the submatrix of Ry
composed of rows corresponding to binding inequalities in Ryp6* > r_r. Ry, can
be identified directly from the null hypothesis.

Let n = Rr6* € R'r. The vector of nuisance parameters is defined in the
following.

Definition 4.1. The vector of nuisance parameters, denoted as n", is defined as
a subvector of 7 corresponding to a row basis of Rr.
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The nuisance parameters may not be unique, because row basis of R is not
unique. On the other hand, the dimension of n* is uniquely determined. By
definition, the nuisance parameters are n* = R[.6*, where R}. is a submatrix of R
with rows forming a row basis of Rr. When Rr is of full row rank, R{. = Rr and
the nuisance parameters are n“ = n. When Ry is not of full row rank, we compute
RY and I such that R = 'R} by Gauss-Jordan elimination on the transpose of Rr.
In terms of the nuisance parameters, the inequalities: n = Rp0* > rr- become:

'n" > rr. (18)

This step does not depend on 1" being unique, because any 1" would allow us
to express the inequalities R-0* > rr as (18). Below we present two examples
to illustrate this step. For notational compactness, we let 8 = (6y,...,6;«) for an
integer [*.

Example 4.1. Suppose [* =4 and Hy : 6] = 60;. Then Ry = (1, — 1,0,0).
D) Let® ={0:6,—06,>0,0,—05 >0,0; —64 > 0}. Then

1 -1 0 O 0
R=|10 1 -1 0 andr=1| 0
0 0 I -1 0

Under H), the first inequality in ® binds resulting in Ry, = (1, — 1,0,0) and

01 -1 0
RF:(OO 1 —1)'

Since Ry is of full row rank, the nuisance parameters are given by

0 — 9
n”=n=Rr9*=< A )
07 —6;

(i) Let @ =1{0:6; —6, >0,1 > 0> —6; > 0,03 — 6 > 0}. Then

1 -1 0 0 0
0 1 -1 0 0
B=1o -1 1 o ™= o
00 1 -l 0

Under H), the first inequality in ® binds resulting in Ry, = (1, — 1,0,0) and

0o 1 -1 0
Rr=10 -1 1 0
0 0 I -1

In this case, Rr is not of full row rank. Applying Gauss-Jordan elimination to R}

yields

1 0
" 01 -1 O
Rr:<0 0 1 _1>and1"= —01 (1)
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By definition, the nuisance parameters are given by

05 —05
U __ pupnk __ 2 3
rere=( 75 )

and the inequalities are

05 — 03 0
= —(;-07) | =] -1
05 —0; 0

Example 4.2. Let I* =8 and Hy : 6] = 05 =65 = 0. Then

1 00 0

R() = 01 0 03><5 and ro = 0
0 01 0

Let © = {0 : RO > r}, where R’ = (R,R}) and r = (0, —1,0,0, —1,0,0,0)" in

which
1 0 0 0 O
-1 0 0 0 O
Rr=1 0543 o 1 0 1 -1
0O 2 1 1 O
o 1 -1 2 -3

Under H, the first and third inequalities in ® bind and the second inequality does
not bind resulting in

1 0 0
ROb:< 00 1 05,5 )

Since the rows of R are linearly dependent, we apply the Gauss-Jordan elimina-
tion to the transpose of Rr:

03><5

1 -1 0 0 O
] o0 12 1
Re=1"0 0o o 1 -1
0 O 1 1 2
0o 0 -1 0 -3

1 -1 0 0 O

Gauss-Jordan elimination 0 0 1 0 3

0O 0 0 1 -1 ’
0555
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and conclude that the first, third, and fourth rows of R constitute a row basis of Rr.
Finally, we get that

1 0 O
10 0 o

= 0O 1 0 05,5 | and n" = 0 +65 —05
0 0 1 207 + 07 + 6
0 3 -1

4.3.2. The Null Asymptotic Distribution of T,, (Ro, ro) Under Drifting Sequences
and the Testing Procedure. We consider the drifting model parameters
(ng, T, E,,), where m, and &, are defined in the same way as in Section 4.2. Since
the nuisance parameters n* satisfy inequalities in (18), we consider local sequences
n, such that

c= lim \/ﬁ(l"nz - rr) € Kgo.

n— o0

The value of ¢ is unique given w, € Wj. Let
V=V(mr,)= argm;n (Mo, (V) +do (V)]
where M, (1) is defined in (15) and

0, if R >0and Rry+c¢ >0
b0 (V) = Y v :
00, otherwise

LEMMA 4.2. Under Hy : Ry6* = ry and (nz,nmén) defined above, if Assump-
tions 3.1, 4.1, and 4.2 hold, then the asymptotic distribution of T,, (R, o) is given
-1
by (RoW) (RoZuRp)  (RoW).

The null asymptotic distribution of T}, (Ry, ry) stated in Lemma 4.2 suggests the
following procedure for computing the critical value of our test.

Step 1. (i) Consistently estimate 7, using the constrained estimator 6, denoted
as T;

(ii) Construct confidence sets for /n (FTIZ - I"r‘). By definition, 7! = R[-0,.
Denote é:, as the unconstrained estimator defined as the minimizer of (6) without

any constraint. Since /n (@ — Gn) —d> N (0, A) for some covariance matrix A, it
holds that

V(R —n") 5 Z(A) ~ N (0,R4ARY).

The confidence set I, (nl‘;) for n,, is obtained as R‘{-é\u — JL;ESK (7), where ES, (1)

is the set such that Pr(Z(A) € ESx (t)) =1 —1t and A is a consistent estimator
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of A. The confidence set I, for i/n (Fnz — rp) is calculated as

I = {g eRT e =M=, el (n;;)}.

In cases where I is an empty set, let I; = {0}.

Step 2. Compute the ¥ level Bonferroni critical value CV? for some
O<t<?vas
CVE(@,7)= sup Coz(1—1),

cely_+
where C, n, (1 —1) is the (1 —7)th quantile of (RyW)’ (R()EwRé)y1 (RoW) given
(¢, 7). For any given (c,7,), the distribution (RyW)’ (Ro EwR())_l (Ro¥) may not

have a closed form expression but can be simulated.
The following theorem shows that the test is asymptotically uniformly valid.

THEOREM 4.1. Assume that (RO\D)'(ROE(UR())%(RO\II) is continuous at

Cen, (1 —1) for all (c,m,) € Ego x I1. Under Assumptions 3.1, 4.1, and 4.2,
it holds that AsySz (T, (Ro,ro) ,CVE (9,7)) < V.

The continuity assumption in Theorem 4.1 may restrict the range of 7. Take
0= { 0 e R¥: Bm1 > 0and B;; > 0} as an example: the assumption is satisfied
for all = when Hy : B, | = 1; and is satisfied for T < 0.25 when Hy : ;| = 0. In
the special case that Ryf* involves parameters that are not subject to any inequality
constraint under ®, the assumption is automatically satisfied.

5. A SIMULATION STUDY

In this section, we report results from a simulation study. The objective is twofold.
First, we compare the finite sample performance of three estimators 0,0, and
9 measured by the mean squared error (MSE), where 6 is defined in (6), g is
defined in (7), and 9 is the unconstrained estimator defined as the minimizer of
(6) without any constraint. Second, we compare the finite sample size and power
performance of the test introduced in Section 4.1 denoted as the UF test, the Wald
test based upon the unconstrained estimator é; denoted as WU test, and the CLR
test introduced in Ketz (2018). Since the CLR test is developed for subvector
inference, we focus on testing the correct specification of the CR model against
the IA-CR model in this section.

5.1. Simulation Design
We generate data from the following IA-CR model with one covariate:
midY = o) midX + o sprX 4+ midA and

sprY = B |midX| + B7sprX + sprA,
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where the random generalized interval error A is independent of X. We consider
five different DGPs: DGP1-DGP3 belong to model M ¢, where A is a random
interval; and DGP4 and DGPS5 do not belong to model Mg.

It follows from Theorems 3.2 and 3.3 that the asymptotic distributions of the
scaled and centered estimators 6 and 6 are discontinuous with respect to the value
of B*. The asymptotic distribution of 6 further depends on the tail behavior of
the distribution of sprA through the value of «. To cover all the possible situations
displayed in the theorems, we consider three different specifications of ¥ in DGP1—
DGP3. In DGP4 and DGPS5, the support of sprA includes negative values, and thus
A is a random generalized interval. In DGP1-DGP5 below, midA and sprA are
independent of each other, and the variance of sprA is designed to be the same.
Let (Z1,2,,7Z5,7Z4) be the random variables that follow the distribution

Z, 0 1 08 0 O
Z 0 08 1 0 O
Z N o 0 2 0
Zy 1 0 0 0 8

Denote I' (¢, 8) as the gamma distribution with shape parameter o and rate
parameter .

DGP1 midX = Z;, sprX = Z%, midA = Z3, and sprA ~ I"(2,1/2) + 1. The
distribution of sprA corresponds to the case when x = +-00.

DGP2 midX = Z,, sptX = Z2, midA = Z3, and sprA ~ I"(2,1/2). The distri-
bution of sprA corresponds to the case when k € (0, 4 00).

DGP3 midX = Z;, sprX = Z%, midA = Z3, and sprA ~ T (1, 1/2«/5). The
distribution of sprA corresponds to the case when x = 0.

DGP4 midX = Z;, sprX = Z2, midA = Z5 and SprA =Zy.

DGPS midX = Z;, sprX = Z2, midA = Z3, and —sprA ~T'(2,1/2) —

Within each DGP, we study two submodels, where (o, a7, B, B7) = (1,1,1,1)
in model A, and (Olm, al, B, ﬂ;‘) =(1,0,0,1) in model B. The two submodels differ
in the value of B*: B* is in the interior in model A and is at the boundary in
model B. DGP1-DGP3 differ in the value of «. In DGP4 and DGPS5, sprA has
positive probability of being negative; and in DPGS, §* = 0 is also at the boundary.

For DGPs 1-5, 6 and @:, are consistent estimators; whereas 9 is consistent only

for DGPs 1-3.

5.2. MSE of the Estimators

We focus on the comparison between estimators for (/3*, 8 *) in terms of MSE for
the aforementioned data set configurations, because the major difference between
the three estimators lies in the constraints imposed in the minimization problem
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and the estimator vector for (a*, y*) is not affected by the constraints. The number
of repetitions is 5,000.

Table 1 compares the MSE between different models under different data
configurations. For all cases considered, as the sample size increases, the MSE
0£ each estimator decreases. For model Mg, which corresponds to DGP1-DPG3,
(/3,3) is the most efficient estimator among the three at any given sample size.
More importantly, the fatter the tail distribution of sprA is, the more efficient
the estimator (ﬁ,g) is compared to (ﬂ,g) and (ﬂu,}i,). The distribution of sprA
verifies k = 400 in DGP1, which corresponds to a thin tailed distribution; the
value ¥ = 0 in DGP3 implies a fat tailed distribution. The tail distribution of sprA
inA DGP2 is in the middle, sucbvthat k € (0, + 00). For DGP1, the estimator vector
(,B ;S) is slightly better than (ﬂ 5) when the sample size is small and the two are
the same when the sample size is large. On the other hand, the MSE for (’ﬁ\,/g) is
smaller than (E,S) in DGP2, especially when B = 0. This phenomenon is more
pronounced in DGP3 when the tail distribution of sprA is fat. The MSE for (73\,:3)
is half of that for (E:S) in DGP3 A, and is less than a quarter in DGP3 B. The
constraints that spr¥; — |X;|'8 > 0 for i = 1,...,n provide little information on
the parameter 8 when sprA has a relatively small probability of being close to
zero. During the computation of the minimization problem, the constraints almost

TABLE 1. MSE comparison

n_ (B3) (B3 (Buwdi) n_ (B3) (B.3) (Budu)

DGPI A 100 0.5847 0.6145 0.6504 DGP1B 100 0.3891 0.4200 0.6620
500 0.1207 0.1234 0.1234 500 0.0743 0.0764 0.1226

1,000 0.0626 0.0626 0.0626 1,000 0.0397 0.0397 0.0628

DGP2A 100 0.5628 0.6302 0.6707 DGP2B 100 0.0216 0.4003 0.6437
500 0.0947 0.1291 0.1294 500 0.0422 0.0801 0.1253

1,000 0.0410 0.0607 0.0607 1,000 0.0218 0.0404 0.0639

DGP3 A 100 0.3453 0.6324 0.6779 DGP3B 100 0.2011 0.4194 0.6887

500 0.0629 0.1283 0.1283 500 0.0182 0.0784 0.1247

1,000 0.0318 0.0635 0.0635 1,000 0.0097 0.0396 0.0643

DGP4 A 100 N/A 0.6218 0.6723 DGP4B 100 N/A 04072 0.6629
500 N/A 0.1244 0.1247 500 N/A  0.0825 0.1290

1,000 N/A 0.0637 0.0637 1,000 N/A 0.0395 0.0621

DGP5A 100 N/A 04163 0.6637 DGP5B 100 N/A 0.1650 0.6903
500 N/A 0.0913 0.1297 500 N/A  0.0319 0.1240

1,000 N/A 0.0434 0.0638 1,000 N/A 0.0154 0.0636
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never bind in this case. On the other hand, if sprA is close to zero with a relatively
high probability, the constraints bind for some i € 1,...,n. This improves the
accuracy of the estimator vector (/3,/6\), because the true parameter vector satisfies
the constraint. Section 3 provides more detailed discussion about the effect of the
tail of the distribution of sprA on the asymptotic property of (ﬁ ,;3). For the same
reason, the MSESs for estimator vectors (ﬁ :3) and (ﬁu@) in DGP1 A-DGP4 A are
close to each other, whereas (E, E) is significantly more efficient than (ﬁu,a) when
some of the parameters are at the boundary, as in DGP1 B-DGP4 B, DGP5 A, and
DGPS5 B. When the correct constraints bind during the estimation, the accuracy of
the constrained estimator improves.

5.3. Size and Power of the Tests

In this section, we study and compare the finite sample size and power of the
UF test, the WU test, and the CLR test when the null hypothesis involves range
regression and the nuisance parameters are either at the discontinuity point or not.

For each DGP, we consider testing the correct specification of the CR model
against the IA-CR, i.e., testing Hy : (o}, B;;) = 0 against H,: (%, B};) # 0 under
the maintained hypothesis that (/3*/, 8*) > 0 using one of the three tests. The test
statistic for the WU test takes the same form as (16) with (o, BL) replaced by
(62/ B\,’M) The CLR statistic is constructed using the unconstrained estimator B,

s, u’

For the UF test, X, equals to an estimator of

(5 o )25 o)

0 o 0 o
using 9. , while ¥, for the WU test and CLR test is calculated using /9\,4

The critical value for the WU test is the 95% quantile of the chi-squared
distribution with 2 degrees of freedom, and the one for the CLR test is simulated
based on the procedure in Ketz (2018). When implementing the UF test, the
confidence set I; for c is constructed as a Wald ellipsoid using ,B: oLs and ?S\OLS.
The Bonferroni CVS (¢, 7) for some 0 < 7 < ¢ is defined in (17). Following
Romano et al. (2014) and McCloskey (2017), the tuning parameter t is set as
v —1/10. We refer interested readers to Romano et al. (2014) and McCloskey
(2017) for a general discussion of the choice of t. A special choice of 7 is to set
it as ¥. This corresponds to the least favorable critical value. The test based upon
the least favorable critical value controls the asymptotic size, but its finite sample
performance is poor comparing to the UF, WU, and CLR tests. To save space, we
focus on the UF, WU, and CLR tests.

There are three inequality constraints in the maintained hypothesis:
(:3;:1’ ﬂ;‘,é*) > 0. In DGP1-DGP4, only one constraint is binding under the null
hypothesis; whereas in DGP53, both 87 = 0 and §* = 0 hold under Hy. In the
simulation, the nominal size is 5%, and the number of repetitions is 5,000. Table 2
reports the finite sample size and power performance of each test. We let af =0

https://doi.org/10.1017/50266466621000360 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466621000360

UNIFORM INFERENCE IN LINEAR INTERVAL MODELS 55

TABLE 2. Size and power performance-reject percentage

DGPI B, =0 Br =025 BE =05 Br =0.75 Br =1
n UF WUCLR UF WU CLR UF WU CLR UF WU CLR UF WU CLR
100 5.14 594 568 7.26 7.54 7.68 13.26 12.88 13.04 22.16 20.88 21.08 34.02 32.78 33.24
200 5.025.54 546 9.04 9.18 9.30 19.68 18.50 20.12 38.14 36.08 38.04 58.26 56.62 59.66
500 4.92 5.36 5.14 12.52 12.78 13.00 39.22 37.38 40.96 72.60 71.48 73.80 94.68 94.22 95.08
DGP2 B =0 B =025 BE =05 BL=0.75 BE=1
n UF WUCLR UF WU CLR UF WU CLR UF WU CLR UF WU CLR
100 522584 568 7.66 7.10 7.74 13.42 12.56 13.88 23.28 20.38 22.40 34.12 32.24 33.28
200 4.94 524 506 868 832 8.70 18.56 17.74 18.44 37.82 36.00 38.02 58.46 57.08 58.22
500 4.88 5.18 4.94 13.56 13.40 13.62 38.48 37.66 38.88 75.18 74.32 75.68 94.06 93.78 94.22
DGP3 B, =0 B =025 B =05 B =0.75 B =1
n UF WUCLR UF WU CLR UF WU CLR UF WU CLR UF WU CLR
100 528574 562 728 7.14 7.46 13.26 11.94 13.80 22.18 20.76 22.72 36.32 34.32 36.88
200 5.04 546 522 9.88 9.42 9.84 20.22 18.86 20.96 36.14 35.04 37.26 59.22 57.64 59.42
500 4.94 5.46 5.16 12.46 12.34 12.80 39.20 39.08 39.96 72.40 72.36 73.02 93.84 93.52 93.98
DGP4 B =0 BE =025 BE =05 BL =0.75 Br =1
n UF WUCLR UF WU CLR UF WU CLR UF WU CLR UF WU CLR
100 4.68 432 426 624 6.64 6.80 10.12 10.98 12.68 17.26 17.68 19.48 30.12 30.54 33.68
200 476 470 4.68 7.82 8.12 848 16.14 16.50 17.90 34.02 34.20 36.22 60.98 6130 63.58
500 4.62 4.88 4.84 12.44 12.70 12.48 36.28 36.60 36.64 71.64 71.80 72.48 92.62 92.70 94.08
DGP5 B, =0 B =025 BE =05 B =0.75 B =1
n UF WUCLR UF WU CLR UF WU CLR UF WU CLR UF WU CLR
100 4.82 4.66 474 742 6.86 6.92 13.80 11.74 12.06 24.20 21.44 21.48 35.88 33.58 33.96
200 4.86 4.94 488 892 826 830 20.66 18.80 18.92 39.04 36.20 36.42 60.08 58.18 58.06
500 4.92 5.10 5.06 12.20 12.08 12.24 40.06 38.98 39.02 73.78 72.72 72.80 94.64 93.88 93.94

throughout the simulation and change the value of 87 to obtain the size and power
of the tests. 8% = 0 corresponds the case where Hy holds; whereas when B, equals
0.25, 0.5, 0.75, and 1, the alternative hypothesis is true, and we deviate more and
more from the null hypothesis.

First, by comparing the rejection probabilities in the case B, =0, we see that the
finite sample size of the UF test introduced in the paper is the closest to the nominal
size 5%, especially when n is small. The finite sample null rejection probability
of the WU test tends to depend heavily on the distribution of sprA, and the size
distortion of the WU test is the most severe among the three tests when the sample
size is small. The CLR test outperforms the WU test, but is slightly less accurate
than the UF test when n is small. In DGP4 where the distributions of midA and
sprA are indeed Gaussian, the Wald test based upon é:, has the best finite sample
size. However, even in this case, the UF and CLR tests have comparable size
performance.

Second, the UF test has better finite sample power than the WU test in cases
where the distribution of sprA is skewed. Except in DGP4 where the WU test is
destined to perform well, the UF test dominates the WU test. In particular, when
n is small and when there are more binding inequalities under Hy like DGP3, the
power of the UF test can be much higher than that of the WU test. The CLR test
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consistently beats the WU test. Between the UF and the CLR tests, the UF test
tends to have better power performance than the CLR test in small samples and
when many inequalities bind such as in DGP5.

In summary, both the UF test and the CLR test have advantages over the WU
test. The CLR test has better finite sample performance over the WU test in almost
all cases, and the UF test outperforms the WU test when the distribution of the
error is skewed. The UF test and CLR test have similar finite sample performance
in cases for which both are applicable, and the UF test can be applied to many
other hypotheses to which the CLR test does not apply.

6. CONCLUDING REMARKS

We have made several contributions in this paper. First, we have proposed a
flexible model, i.e., the GIA-CR model for random intervals via the generalized
interval arithmetic approach and constructed a constrained estimator of parameter
vector in the GIA-CR model. As a special member of the generalized model,
the IA-CR model extends and overcomes the drawbacks of both model Mg and
the CR model. Second, as a measure of goodness-of-fit, we have extended the
coefficient of determination for linear regressions for random variables to our
GIA-CR model for random intervals. Third, we have developed asymptotically
uniformly valid tests for linear hypotheses in the GIA-CR model including a test
for the correct specification of the CR model against the IA-CR model. Fourth, we
have conducted a simulation study to examine the finite sample performance of our
estimator and test. As a separate contribution to the current literature on interval
arithmetic approach to modeling interval data, we have established the asymptotic
distribution of the constrained estimator of model M.

APPENDICES

A. Technical Proofs

A.1. Proof of Proposition 2.1. Using the alternative expression of RSS, R%; can
be computed as

2y
1 ST
L (1)
(Y.
The nonnegativity of L (Y) implies that Ré < 1; and for {Yi,Xli,...,in}?zl

> id2(Y,Y)
and @ such that Y, = ?,- for all i, it holds that d? (Y,-,?,-) = 0 and thus Ré = 1.
By (7) and the fact that

idz (Yi’?) = idz (Yis [77 ig]), where
i=1 i=1
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(y 8) _argI)I/unZd (Yi, [y £6D,

it holds that

n
Sd (1) Zd Vi, [Xi@+1X:' B] +[7 £5])

<> (n [ £3]) = @ (7).
i=1 i=1

The inequality comes from property of the minimization operation: ?i’s are obtained by a
constrained minimization problem over e, y, 8, and 8, with « = 0 and 8 = 0 satisfying the
constraint. Therefore, ", d> (¥;,Y) = Y/, d* (V;, ;) and RZ > 0, where the equality
holds if & and ﬂ are zero vectors. The first part of the proposition holds. The second

part follows directly from the characteristics of the minimization problem that defines
0 in (7). |

A.2. Proof of Theorem 3.1.  We first show that § — p 0*. Define

a*—a
Z1(0) = (oc*’—oc’,)/*—V)Pxx< y*—y )+‘7§ndA

*_
+(ﬂ*/_ﬁ/’8* _8) Qxx( g* _aﬂ ) +052})rA+(p1 (9),
where al’%lidA = Var (midA), aszprA = Var (sprA), and

0, ifPr(spr¥—|X|'8>0)=1;and B >0
oo, otherwise '

@1(0) = {
It holds that 6* = argming Z; (6). First, notice that Pr (sprY — |X|’B* >0)=1and B*>0
by the model specification. Second, by Assumptlon .2, both a miaa and aspr
A at 0*. At last, since Pyy and

A are finite.

Therefore, Z; (f) reaches its minimal value Umld AT aspr
Oy are both nonsingular by Assumption 3.2, they are positive definite and 6* is the unique

solution to the minimization problem. Therefore, 6* = argming Z (9).

Next we aim to show that argming Zy,, (6) £z argming Z| (0).Z1, (0) is a convex function
because its epigraph is a convex set. Moreover, since argming Z| (9) is unique, it suffices
to show that Zy,, (9) epi-converges to Z; (6) by the Convexity Lemma of Geyer (1996) and
Knight (1999).

The finite dimensional convergence and finiteness of Z; (9) on an open set provide the
epi-convergence, given that Zy, (9) is convex. For

_ . I _ 2k—d
50 = sup {15}2%_(1”1 Pr(sprY—|XI'b>0)=1b¢ R0 }

if so is strictly positive, one can always find an open set Op C R2* such that
Pr(sprY — |X|'6 > 0) = 1 for any b € Op. Then on the set O x Oy x Op x Os, where

https://doi.org/10.1017/50266466621000360 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466621000360

58 YANQIN FAN AND XUETAO SHI

Oy C R2k—d, Oy C R, and O5 C R are any open sets, Z(0) is finite. We now show the
finite dimensional convergence to complete the proof.
By the weak law of large numbers and the model specification, we have that

% Z (midY; — X} — y)2 LN (@ —a/,y* —y) P (@ —a . y* —y) + 024 and

1
SO (sprYi— IXil' B—8) L (B — B.6" ) Qe (B — 88" ~5) oy,

for any pair (oc/ V. B, 8) . Thus, according to Knight (2001), it suffices to show that for given
ol,....om,

Pr(goln (91) =0,....01n (6™ =o) N Pr(wl (91) =0,....01 (6™ =o)
when n — oo. The former probability equals to

Pr(seriz IX;|' B/, fori=1,....nandj= 1,...,m>

1, ifPr <ser > max|<; X B) =
0, 1fPr<ser> max{ <j<p, |X|’ p) <1

Pr" (seri > max |X,-|/ﬂj) —
1<j<m

Pr<<p1 (9‘) =0.....01 (6™ :0).

Therefore, we can conclude that Z1,, (9) epi-converges to Z; (6) and 82 0* when so > 0.

On the other hand, if sg = 0, then ﬂ* =0 forallj=1,...,2k — d. The minimization
problem can be separated into two parts w1th one part contalnlng only & and 7 and the other
contains only ﬂ and 8. Since no constraints are imposed on ( ) the consistency of (
follows from standard arguments in the least squares estimation. Because Z,, (oc/ , y,O/ , 8)
is finite, to prove that <ﬁ/,§) £ (ﬂ*’, §*) = (0’, 8*), it suffices to show that for any b # 0,
Pr(Zy,, (6) < c0) — 0 when n — oo. This follows from the fact that for b # 0,

Pr(sprY; > [X;|'b, fori=1,...,n) =Pr" (spr¥; — 1X;|'b > 0) =0,

where the last equality is implied by sg = 0. Therefore, Bg 0. The convergence of 3 follows
from the law of large numbers since §* = [E (sprY) when g* =

The first part of the theorem then follows by comblmng the two cases of 59 > 0
and 5o =0.
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The proof for g2 0% is essentially the same. Define

a*—a
Z0)= (" —a,y* = V)Pxx< vE—y ) +0mida

+(ﬂ*/_ﬁ/’3*_s)Qxx< g*:g >+as2prA+<p2(9),

where Ur%lid A = Var(midA) and Uszpr A = Var (sprA). With Assumption 3.2, we have that
6* = argming Z (0), because RO* > r and Py, and Qyy are nonsingular. The convexity
of Z,, (0) is implied by its quadratic component and the geometry of the feasible set.
Since ¢y (0) is not random, the epi-convergence of Z, (6) to Z, (6) follows from the
finite dimensional convergence of the quadratic component. At last, since Z; (0) is finite
on any open set that is contained in R2k—d 3 R x Rikofd x R, we obtain the consistency

of . ]

A.3. Proof of Theorem 3.2. We will prove the theorem for the different cases: (i)
k € (0, +00); (ii) x = ++00; and (iii) k = 0. Let My (1) = M () + 1 (¥).
Note that 4/n (9 - 9*) is the solution to the minimization problem:

2
Yy (midd;—y* = J-Xp— %)
, o 2
minMy, (V) = min, + 0y (spra =6 = L Xl u— ) :
. 2 2
=30 (midA;—y*)T =0 (sprA; —8%)" + b1, (V)

where
0, if /nsprA; > |X;|'u, fori=1,2,...n;
b1, (W) = andw—f—ﬁﬂij, forj=1,...,2k—d.
00, otherwise

The goal is to show that argminy My, (¥) E) argminy M1 (). Since the set of
for ¢1, () being finite is convex, the convexity of My, (¥) is straightforward due to
its quadratic component. Recall that by the Convexity Lemma of Geyer (1996) and

Knight (1999), the following three conditions are sufficient for argminy My, () il)
argminy M1 () provided that My, () is convex: (a) My, () converges to M () in the

finite-dimensional sense (f;d?), (b) M| () is finite on an open set, and (c) M () is uniquely
minimized with probability 1.

We now prove that these three conditions are satisfied when lim;—, o #F' S(l/\/ﬂ €
(0, + 0).

For any Borel subsets D of D := [0, 4+ 0c0) x X, where X is the support of |X;|,
define the point process (random measure): vy, (D) := Z?: 11 {(ﬁsprAi, |X i|) € D}. The
point process vy () tends in distribution with respect to the vague topology to a Poisson
point process (random measure) v (-) in the metric space of point measure M), (D). The

limit Poisson process has the mean measure: E[v (D)] = fD %wg (x)du (x)dw and can
1
be represented by v (D) := 19’21 1 {(\/Eg_f 1) I;, T,-) € D} for all Borel subsets D

of D := [0, 4+ o0) x X, where g(-) is defined in Assumption 3.3, I; = (&; +--~+€,~)%
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for unit mean i.i.d. exponential random variables £1,&>, ..., and 77,73, ... are i.i.d. with
distribution Pr(7; € A) = n (A), where u(-) is the probability measure of |X;|. The I ‘s
are independent of 7;’s. By Assumption 3.3 and the fact that lim;—, oo tFs (1 / ﬁ) =1/k,
limy— 00 E[un (D)] = E[v(D)] and limy—, o0 Pr{u, (D) = 0} = e FVD)] The claimed
weak convergence result follows from Kallenberg’s theorem (Resnick, 1987).

Using the above convergence result of the point process, we are now ready to
show the finite dimensional weak convergence of M, (V). The following convergence
result is straightforward:

) 2 . 2
’ (mldAi —y*— ﬁX;p — %) -, (mldA,- — y*)
2
1 2
+X0 (sprAi — 8% — T 1X;| u— ﬁ) = (spra; —8%)
d ./ f Pox O I 0
— -2 W,
v ( 0 Oxx ) v v 0 I
with W ~ N (0,A) and A being the covariance matrix of (X;midAi, |X,~}/sprA,'). The
asymptotic independence between W and the point process follows from the standard proof
of asymptotic independence of sample average and sample minimal-order statistics, see e.g.

Resnick (1987) and Lem. 21.19 in Van der Vaart (2000). A more detailed proof can be found
in Chernozhukov and Hong (2002). Thus, it remains to show that for given 1//1, I 1/

Pr[1n (1) =001 (v") =0] — Pr[gy (w!) =0,....01 (™) =0)],

as n — 0o. Since no randomness is involved in the constraint u; + \/?t,B]* >0 for j =
1,...,2k —d, its limit is straightforward. Thus, we only need to focus on the constraint
J/nsprA; > |X;|"u for i = 1,2, ...n. Exploiting the convergence in distribution of vy, (-) to
the Poisson random measure v (-), we have that

Pr[d)]n (w‘) =0,....1 (V™) =0] —Pr éll <ﬁsprAi < max |X,~|/uf> -0

(- 5 ) i) =07 ) =]

1<j<m K«

Therefore, M1, (w)f;dX My () as n — oo.

The other two conditions can be easily verified. On the set Op x O4 x (—00, 0)2]‘7‘1 X Oy,
where Op C R2k—d O4q C R and O, C R are any open sets, M (y) is finite by its
definition. And, for any realization of W, {I7, i > 1}and {7}, i > 1}, M () will be uniquely
minimized due to the quadratic form of M () and the geometry of the constraint. If the
minimal of M (v) is in the constraint set, the uniqueness is trivially satisfied. If the minimal
of M () lies outside the constraint set, the solution to the minimization problem will be the
intersect of the level set of M () with the boundary of the constraint set. The level set of
the quadratic component of M (/) takes the shape of an ellipse in high dimension, while the
constraint set is convex with boundary consisting of high dimensional planes. They can only
intersect at one point. Thus, the latter two conditions in the Convexity Lemma are satisfied.

Hence, when lim;—, o th(l/ﬁ) € (0, +00), argminy, My, () —d> argminy, M; () as
n— oo.
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The above result also holds when lim;—; oo tF'g (1/ \/i) = 0. Rewrite M7 () by substitut-
ing k = +00: M1 (Y) =M (¥) + ¢1 (), with

0, ifTi’uf—}—oo, fori=1,2,...;
o1 () = andﬂ(ﬂjzo)ujzoforjz1,...,2k—d.

0o, otherwise
Since 7; follows a tight probability measure, we can further simplify

0, ifﬂ(ﬂjzo)ujzomrj:1,...,2k

00, otherwise

o1 (¥) =

The finite dimensional convergence of the quadratic component of My, () follows the
same argument. We now show that for any given 1//1, Y™ as n — 00,

Pr[¢1n (1//1) =0,....¢10 (¥") :o] — Pr[d)l (1//‘) =0,....¢1 (™) :0].
By writing the probability as an expectation of a conditional probability, we have that

Pr[d)ln (wl) =0,....010 (V") =0] —Pr anﬂ (ﬁspm,- < lr%ag(mmvu/) )

i=1

) 1 )
Pr" [ﬁsprA > max |X|/u’] =E" [Pr sprA > — max |X|' v/ |Xi|i|
1<j<m Vni<jsm

e (1 y
=E [1 g (X Fy (IImax 1X| u’)]

nl1<j<m

i (L Wi\
el (g )]

where Fg~ (a) = limg44 Fs (z). The indeterminate form has the limit of

1 ;i
— 1 i J
exp( nllm nE|:g(|X|)FS ( - 121?? |X| u)])
For |X| € X' such that max; <<, IX|'w/ <0, we have that Fy (—\}ﬁ max|<j<m |X|’uj>

0; if maxj<j<; X' > 0, the inequality limy— oo nFy (Lmaxlﬁjfm |X|’uj)

Jn
limy,— oo nFg (ﬁ max|<j<m X " v/ ) = 0 holds. By the dominated convergence theorem,

IA

we obtain that
Pr[gbl,, (wl) —0,....011 (wm)=o]—>exp(0)=1=1>r[¢1 (¢1)=0,...,¢1 (w’”):o].

Therefore, the finite dimensional convergence of M1, () is verified. By the same argument
as in the first case where x € (0, 4+ 00), we can show that M| (¥) is finite on an open set
and that its minimizer is unique with probability one. The Convexity Lemma then provides

that argminy, My, () —d> argminy, M1 () when k = +o0.
The proof for the case when lim;— o0 tF (1 / \/t) = 400 is essentially the same. Since

the part 1 (ﬂj* = O) uj> Oforj=1,...,2k—d does not contain any randomness, we focus
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the proof on the constraint /nsprA; > |X;|"u for i = 1,2, ... n. For any given wloo ™,
it holds that

Prlon (v') =0, (¥") =0] = [1—E[g(|X|>F; <ﬁ max [X] uf)]]

with the limit

oo (-t e 50027 (5 e 0w )

If max | <j<, |X|'# <0, Fy (fmaxl_,<m e uf) < F7 (0) = 0, because F~ (0) = 0. If
maxj<j<m X'/ > 0, we have that limy, s 0o nFy (ﬁmaxlgfm |X|/u/> >
limy,— oo nFg (ﬁmaxlgjsm |X|’uj> = oo by condition limtﬁooth(l/\ﬁ) = +o0.

Therefore for the given u’s, when Pr (maxlfjfm X)W < 0) =1,

and when Pr (maxlgfm |X|’u-/ < 0) <1,

1 .
exp( — lim nE|g(XDF; | —= max |X|'&/ — 0.
n— o0 ’ ni<j<m

Now consider Pr [qbl (wl) =0,....01 (v") = O]. The probability can be calculated as

Pr[d)l(w1>=0,...,¢1(wm)=0]=Pr|:max T/l <0, : for: 1_12...]

1<j<m
1, ifPr (maxli,-fm X[ < 0) =1
0, ifPr (maxli,ﬁm IX|'w < 0) <1

where the last equality follows from the fact that the distribution of 77 is the same as |X]|
and i goes to infinity. Therefore, we have shown that for any given 1//1, R /2K

Pr[¢1n (1/1‘) =0.....¢1, (¥") :0] — Pr[d)l (1//‘) =0,....61 (") :0],

as n — oo. The rest is the same as in case limy— oo 1Fs (1/+/1) =
Hence, we have shown that argminy, My, () converges in law to argminy, M7 () for
all different values of lim;_, oo tFg (1 / ﬁ) The claimed theorem can be concluded. |

A.4. Proof of Theorem 3.3. The proof is similar to the proof for Theorem 3.2.
/n (6 —6*) is the solution to the minimization problem:

?=1 <midAl- —y*— L X’ ;’=1 (midA,- - y*)2

o) - 2
PV ey (sprai— 8t — do 1Xi u— 22) = T (sprai =) 490, (9)

’
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where

0 if R — RO*
b () = | & RV 2 (r—REY)

0o, otherwise

For the vector (r - RQ*), some elements are zero and the rest are strictly negative. The zero
elements correspond to the submatrix Rj of R by definition. This implies that ¢, (1) —
¢2 (¥) pointwise as n — oo. The rest of the proof is the same for Theorem 3.2 by showing
finite-dimensional convergence, M () 4+ ¢» () being finite on an open set, and M () +
¢> () being uniquely minimized with probability 1. |

A.5. Proof of Lemma 4.1. By Assumption 4.2, the claimed result follows if we
show that RyW represents the asymptotic distribution of /n (5§, E,/n)/ under the null
hypothesis and the parameter sequence (11, 75, §,). Under Hy, it holds that ;5 = 0. Simple
manipulation of the proof for Theorem 3.3 would provide that /n (&, 5;21)/ 4 RoV, with
the Lindeberg-Lévy Central Limit Theorem replaced by Lyapunov Central Limit Theorem
under Assumption 4.1, see Lem. A.3 in Cheng (2015). |

A.6. Proof of Proposition 4.1. We prove the proposition by verifying assumptions
in McCloskey (2017). Notice that the distribution (RyW)’ (RO EwR6)71 (RoW) is finite
with probability 1 for all ¢ and 7, in the localization parameter space. Assumption PS,
Sel, and Inf in McCloskey (2017) are trivially satisfied. By the expression in Lemma 4.1,
Ce,x,, (1 —1) is continuous in ¢ and 7,,. Moreover, Ry W follows a continuous distribution.
Thus, Assumption Cont in McCloskey (2017) is satisfied. The requirement for the confi-
dence set I; that lim, 00 Pr(y/nn, € It) > 1 — t fulfils Assumption CS in McCloskey
(2017). It suffices to prove that Assumption DS in McCloskey (2017) is satisfied for the
first claim of the proposition.

Lemma 4.1 provides that the asymptotic distribution of the test statistic 7 is
(RoW) (Ro ZI(URE))_l (RoW) under the full parameter sequence (1;,7n,&,); and the

-,

asymptotic convergence of /n (ﬁé OLS’30L5>/ — /nny i Z(AoLs) is straightforward.
We follow Lem. 2.1 in Andrews et al. (2020) to establish the equivalence of results under
full sequences and subsequences provided that Assump. B2 in Andrews et al. (2020) holds.
Therefore, the goal is to show that for any subsequence there exists a full sequence that
has the same limit (possibly infinity) and has its subsequence equal to the original one.
Denote the subsequence as {”pn’”pn n> l} such that (ﬂnpn,ﬂpn) — (¢, y). We aim
to construct a full sequence {n}, 7} :n> 1} satisfying that (/nn}, 7)) — (c,70) and
(3. 7%) = (p,.7p,), ¥n = 1. To clarify the notation, let the full sequence be indexed by
m: {n;’n,n,’,; m> l}. For Vm = p,, define (17;'”,7{;1) = (Upm”pn)§ and for Vm € (pn,pn+1),
define

Pnd .
%, if \/Pnbp, = ck—d+1 € R>g

Spp» if \/pndp, — +00

S and

/PnBs,j. .
T PPy jp, = ¢ €R=0
Bs.j.pn> it /PnBs.j.py = +0

*
ﬂs,j,m -
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forj=1,...,k—dand m, = mp,. Itis trivial that the constructed full sequence satisfies the
second requirement that (n[’;n , n;n) = (npn, ern) for Vn > 1. To see that the first requirement
is also satisfied, please refer to pp. 225-226 in Cheng (2015) for a detailed derivation. W

A.7. Proof of Lemma 4.2. With Assumption 4.2, the lemma follows if we can show

that \/n (5 —6h) 4 W under the model parameters (!, 77,,&,). The estimator is defined as
6 = argminy g2 Z3,, (9). Note that \/n (6 — 6,) is the solution to the minimization problem:

2
:'1:1 (midAi —Yn— ﬁxgp - %) - ?:1 (midA; — Vn)z

min 5
PRIy (sprai =8 — Xl = ) = | (sprai— 80+ (1)

)

where

0, ifRYy+/nRO—r)=0
00, otherwise '

$on (P) = {
By Lyapunov Central Limit Theorem, we obtain that

2
iy (midAj—yn = J-Xip—4)" = Y| (midA; — )

d

— M .

+3°0 (sproay =8, — L 1Xi/u— % 2—2” Aj—8)? o)
i=1 \SPr&a; n ﬁ' il'u NG i=1 (spra; n)

Decompose R into three submatrices: R, Rgp and Ry, where R denotes the nonbinding
inequalities in Rgp6 > r_r. By the definition of ¢, it holds that 'y —rr = Rp6, —rp — ¢
when n — oo; under the null hypothesis, Rgp, and R, represent the binding and nonbinding
inequalities Rgpf > r_r. Therefore, we have ¢, (V) — ¢, (V) pointwise as n — co. We

obtain that \/n (5 — 9,,) —d> W and the claimed lemma. |

A.8. Proof of Theorem 4.1. The theorem follows from the same proof for Proposi-
tion 4.1 with the continuity of (RgW)' (RyZwR()) -1 (RoW) at Ce,z,, (1 — ) forall (¢, ) €

—l . .
R>FO x I1 being assumed in the theorem. |

B. A Review of Generalized Interval Arithmetic and Random General-
ized Intervals

B.1. Interval Arithmetic. Given aj,a) € R and aj < ap, an interval A is defined by
its left and right end points: A = [a,a2] = {x € R: a; <x < ap}, or by its center and range:
A =[midA £ sprA ], where midA = (aj +a3) /2 and sprA = (az —ay) /2 > 0. The set of all
intervals is denoted by / (R). For all A,B € I (R) and A € R, it holds that

(i) A+ B = [(midA + midB) = (sprA + sprB) | and
(ii) 2A = [AmidA =+ |A|sprA].

Combining (i) and (ii), we obtain that for all A,B € I (R) and 1 € R,

A+ AB = [(midA + AmidB) % (sprA + || sprB)]. (B.1)
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It follows from (ii) that —A = (—1)A = [—midA:I:sprA] = [—ap, —ap]. Subtraction
between two intervals A and B is defined as

A—B=A+ (—B) =[(midA — midB) = (sprA + sprB)] .
As aresult, we have:

A—A=[0£@2sprA)] #[0,0] and
A—B+B=[midA = (sprA +2sprB)| # A.

To partly remedy this situation, Hukuhara (1967) introduces an alternative difference
operation on intervals referred to as Hukuhara difference and denoted as (—g). Specifically,
for any A,B € I(R), A —y B = C if there exists C € I (R) such that A = B+ C. It can be
shown that Hukuhara difference A —p B exists if and only if sprA > sprB and when it exists,

A—gB= [(midA — midB) % (sprA — sprB)] .

In contrast to subtraction (—), Hukuhara difference satisfies: A —g A =[0,0] and A — g B+
B = A. However, Hukuhara difference between two intervals may not exist which limits the
scope of applications of the interval arithmetic approach to modeling interval data.

B.2. Generalized Interval Arithmetic and an Lp-type Metric for
Generalized Intervals. In the paper, we make use of generalized intervals studied
in the mathematics literature, see e.g., Kaucher (1980) and Markov (1996), to fully explore
advantages of the interval arithmetic approach to modeling interval data. Specifically, for
ay,ay € R, a generalized interval is an ordered couple denoted as A = [ay,a»]: it is a proper
or simply an interval when ay < ap; otherwise it is an improper interval. A generalized
interval can also be represented as A = [midA + sprA]: it is proper if sprA > 0; improper
if sprA < 0. Denote K (R) as the space of generalized intervals. For A, B € K (R), it turns
out that the addition and scalar product operations can be computed in the same way as in
(B.1), see Kaucher (1980) and Markov (1996) for details.

With generalized intervals, we can extend Hukuhara difference to any two intervals. Let
A and B be two intervals. Generalized Hukuhara difference!” is defined as follows:

A—GHB=A+ (—B) = [(midA — midB) + (sprA —sprB)],

where B = [midB F sprB] is the conjugation or dual of B. In contrast to Hukuhara difference,
the Generalized Hukuhara difference between two intervals A and B always exists: when
SprA > sprB, A —gg B is an interval and A —gy B = A —pg B; otherwise it is an improper
interval. It is easy to see that A —gy A =[0,0] and A —gy B+ B = A.

Let A and B be two generalized intervals. We define an L;-type metric dj between A and
B as

d, (A,B) = ((midA — midB)2 + A (sprA — sprB)z) 2

for some A € (0,00) and the norm of A € K (R) as [|A||2 = (midA)% + A (sprA)2. The d-

metric discussed in the paper corresponds to the dj -metric when A = 1. It is easy to verify

10t is sufficient for our purpose to define Generalized Hukuhara difference for intervals only. It turns out that the
Generalized Hukuhara difference for intervals is the —j, operation defined in Markov (1996) for generalized intervals
when applied to intervals.

https://doi.org/10.1017/50266466621000360 Published online by Cambridge University Press


https://doi.org/10.1017/S0266466621000360

66 YANQIN FAN AND XUETAO SHI

that the d) -metric satisfies nonnegativity, identity of indiscernibles, symmetry and triangle
inequality. By choosing different values of A, one can assign different relative importance
for the squared distance between the ranges with respect to the square distance between
the midpoints. When A and B are both intervals, the d) -metric generalizes the well-known
Bertoluzza metric denoted as dy in Bertoluzza, Corral Blanco, and Salas (1995) if the
metric is required to be invariant to rigid motion (Trutschnig et al. (2009)). One common
choice for A is 1/3, as it corresponds to dy when W is chosen as the Lebesgue measure. For
more discussions on different metrics on / (R), see Bertoluzza et al. (1995) and Trutschnig
et al. (2009).

B.3. Random Generalized Intervals. Let (S, 2, P) be an abstract probability space.

Definition B.1. (i) A random generalized interval X : 2 — K (R) is a map from the
sample space €2 to the space of generalized intervals such that midX : 2 — R and sprX :
Q2 — R are random variables; (ii) The expected value of a random generalized interval X,
denoted as E4 (X) € K (R), is defined as

Ea (X) = E4 ([midX £ sprX]) = [E (midX) £ E (sprX)]. (B.2)

whenever E (midX) and E (sprX) exist.

When sprX > 0 with probability one, the random generalized interval X becomes a
random interval, which is a measurable map from €2 to / (R). When X is a random interval,
the expectation defined in (B.2) agrees with the well-known Aumann expectation (Aumann,
1965). Let 2 be a sub-o-algebra of X, the conditional expectation of a generalized random
interval X given 2{ is defined accordingly as

Ea (X | 2) =E4 ([midX +sprX] | 2) = [E (midX | ) £E (sprX | )].

We follow the approach of Fréchet (1948) to define the variance of a random generalized
interval as:

_ 2 2
Varp(0 = inf B (dA (X,A)) whenever E (||X|| ) <o0.

Since the expectation defined in (B.2) agrees with Fré chet expectation with respect to
the metric d; (Korner (1997); Korner and Nither (2002)), Fréchet variance of a random
generated interval X in the metric space K (R) endowed with the d) -metric is simplified as

Varp (X) =E (d% (X,E4 (X))).
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